Purpose: The prevalence of myopia has increased dramatically worldwide within the last three decades. Recent studies have shown that refractive development is influenced by environmental, behavioral, and inherited factors. This review aims to analyze recent progress in the genetics of refractive error and myopia.
O ver the last three decades, the world has experienced a dramatic increase in the incidence of myopia. This so-called "myopia epidemic" has been particularly acute in urban areas of East Asia, where multiple population-based surveys have estimated that over 80% of individuals are myopic by early adulthood. Moreover, the prevalence of a high degree of myopia (typically defined as a spherical equivalent correction of 26 diopters [D] or less) has increased disproportionately compared with low and moderate myopia. Given that the genetic composition of the population has remained unchanged for the last 2 to 3 generations, the trends in the incidence of myopia must be attributable to changing environmental and behavioral factors. Nevertheless, estimates of the proportion of the variation of refractive error within a population due to genetic factors (i.e., its heritability) have remained high across multiple populations.
Genome-wide association studies (GWAS) have identified numerous loci harboring genes that influence refractive development. [1] [2] [3] [4] [5] Nevertheless, these variants combined have been estimated to account for less than 5% of the population variation in ocular refraction, 4 (well below heritability estimates for the same trait, which typically range from 50% to over 90% across disparate populations). [6] [7] [8] [9] [10] [11] This is a common phenomenon in GWAS that has been termed the "missing heritability" problem. Missing heritability is likely the result of a variety of causes including limited statistical power in association studies, overestimated heritabilities from studies of relatives, linkage disequilibrium, and the presence of a large number of rare causal variants that have not been identified in standard GWAS.
Missing heritability suggests that additional loci will be discovered with ever-larger GWAS, nextgeneration sequencing approaches, and novel analytical strategies. Most currently identified loci for refractive error are extremely robust, 12 and unlikely to be falsified in future studies. Moreover, the genes harbored within these loci indicate that common and biologically plausible mechanisms underlie the development of human refractive error.
Large epidemiological studies in a number of human populations have demonstrated that genetics, environment, and behavioral factors have important roles in refractive variation. A number of excellent reviews have summarized these epidemiological studies. [13] [14] [15] Here, we restrict our review to recent developments in human genetic association and sequencing studies.
Importance of Study Design in Genetics Studies
Large GWAS have become feasible only within the last decade, and next-generation sequencing has recently become the standard technology for rarevariant discovery in Mendelian genetics. Different study designs, however, have different strengths and limitations, 16 which should be taken into consideration when interpreting their results. Genome-wide association studies were initially proposed as a powerful alternative to linkage studies under the common disease-common variant hypothesis of complex disease. 17 Because the statistical power of GWAS decays exponentially with decreasing (minor) allele frequency, traditional GWAS are not well suited to identify rare variants. Thus, GWAS have principally identified common variants with relatively small effects. Figure 1 illustrates the strengths of GWAS in identifying common loci for refractive error. It plots effect sizes at genome-wide significant loci from two large GWAS (Figure 1 ) of refractive error 4 and age at onset of myopia 2 against the minor allele frequency at the most significant marker at each locus. Despite large sample sizes of .40,000 individuals, all significant markers were common variants (minor allele frequency 0.05 or more) with small-to-modest effect. Moreover, no common marker had a strong effect on these refractive phenotypes. This implies that common variants of large effect are unlikely to exist in these (mainly European) populations, and that larger GWAS currently under way will mainly uncover less-frequent variants and variants with small effects. Figure 1 also emphasizes the well-acknowledged theoretical limits of GWAS: an 80% power curve for a sample size of 40,000 (dashed red line) indicates that all but very large effects (from rare variants) are detectable through Fig. 1 . A. Effect sizes versus minor allele frequencies (MAFs) of identified genetic loci from the GWAS on refractive error, 4 and age at onset of myopia, 2 conducted by the CREAM Consortium (red circles) and 23andMe (blue circles), respectively. Circle diameters are proportional to 2log 10 (P values). Data on effect sizes and minor allele frequencies were obtained from the most significant genetic marker at each locus. Top markers for LAMA2 and GJD2 loci are shown for both studies. Other locus names are omitted for clarity. The dashed red line represents the 80% power curve to detect genetic effects for a sample size of 40,000 in GWAS (a = 5 · 10 28 ). Effect sizes between CREAM and 23andMe were scaled by regressing variants common to both studies. B. Pictorial representation of variant frequencies versus expected effect size (or disease penetrance). The blue-red gradients represent the expected effect size and allele frequencies identified in GWAS: GWAS usually identify common variants of mild-to-moderate effect. Common variants of strong effect are rare because of purifying selection. The green-yellow gradient shows the expected effect/variant frequency combinations in the low-frequency allelic spectrum: rare variants of strong effect generally cause Mendelian disorders that are better suited for linkage analysis, whereas rare variants of small or intermediate effects are difficult to detect genetically because of a lack of statistical power of traditional analytical methods. The right panel was adapted from McCarthy et al 16 with permission from Nature Publishing Group. Adaptations are themselves works protected by copyright. So in order to publish this adaptation, authorization must be obtained both from the owner of the copyright in the original work and from the owner of copyright in the translation or adaptation.
traditional GWAS. This relative lack of power has been demonstrated by study data that precisely follow the power curve. Thus, genetic studies of high or pathological myopia should attempt to enrich their data for highly penetrant forms of myopia or use family-based study designs, such as case-parent trios or linkage analysis in extended pedigrees, which are more suitable for identifying rare variants of large effect.
Because they survey a finite sample of genetic markers, GWAS rely on between-marker linkage disequilibrium (i.e., correlations between nearby markers) to achieve sufficient statistical power to identify associated loci. Most positive GWAS associations are found in intergenic regions, and the genes annotated to these loci are often chosen based on their proximity to the marker(s) yielding the most significant association signals. Therefore, statistical evidence of association to particular genes should be supplemented with evidence of functionality and biological relevance.
Genetics of Ocular Refraction
Genome-wide association studies have identified numerous loci for a variety of refractive error traits and endophenotypes (such as axial length and corneal curvature). Population-based GWAS for common (nonpathological) refractive errors were first published by groups in the United Kingdom 1 and the Netherlands. 3 These studies identified and mutually replicated genome-wide significant associations to two separate regions on chromosome 15q closest to the genes RASGRF1 (rs939658; P = 2.07 · 10 29 ), 1 and GJD2 (rs634990; P = 2.21 · 10 214 ). 3 Most insights into the genetics of refractive error have been provided by 2 landmark studies of .40,000 participants (Table 1) . 2, 4 The size of these studies underscores the idea that large samples are often necessary for variant discovery in complex traits such as refractive error, in which many variants have individually small effects on the trait. The Consortium for Refractive Error and Myopia (CREAM), an international group of investigators representing over 30 individual studies, identified 16 novel quantitative trait loci for refractive error in a large meta-analysis of 37,382 participants of European descent, and in 8,376 East Asians. 4 A combined analysis of European and Asian cohorts identified eight additional loci for ocular refraction. Subsequently, Kiefer et al from the personal genetics company 23andMe published results of a survival analysis GWAS of myopia age of onset in 45,771 people of European ancestry. 2 In addition to replicating previous results for the RASGRF1 and GJD2 loci, they reported 20 new loci for myopia age at onset. An analysis of the most significant markers (P , 1 · 10 24 ) from both the CREAM and 23andMe studies showed a strong overlap between studies wherein most loci discovered in one study were replicated in the other. 12 Moreover, the estimated effect sizes at markers common to both studies were strongly linearly related despite being measured on different scales. This interesting result suggests that the genetic architecture of the onset of myopia early in life overlaps significantly with refractive error severity. Moreover, the influence of these genes can be measured well past middle age despite the cumulative effects of aging and extrinsic environmental factors. Table 1 summarizes the results from both studies and shows the top genomewide significant markers within 100 kb of genes (or pseudogenes) in 23andMe and CREAM. Of the 68 unique markers, 40 (59%) are intragenic. In total, 51 genes are within 100 kb of these markers. When adjacent single-nucleotide polymorphism are grouped by separating them by at least 100 kb, 33 unique loci can be identified (represented by locus number column in Table 1 ). Fourteen of these loci contain singlenucleotide polymorphisms that were highly significant in both studies. Recently, 15 loci from CREAM and 23andMe were replicated in a cohort of 3,712 volunteers from the Nagahama Study in Japan. 18 Genes in close proximity to markers associated with refractive error appear to cluster into a limited number of functional classes or pathways (Table 2) . Mutations in genes in several refractive error-associated loci have been reported in human inherited ophthalmic and retinal disease. These include genes involved in diseases of eye growth and development: SIX6, 19 BMP4, 20 and PRSS56, 21 (anophthalmia, microphthalmia, and nanophthalmos) as well as retinal dystrophies: RGR, 22 (retinitis pigmentosa) and CDHR1, 23, 24 (cone-rod dystrophy, retinitis pigmentosa). It should also be noted that some candidate genes for refractive error occupy the same locus (e.g., CDRH1, LRIT1, LRIT2, and RGR at 10q23.1), and it is unclear whether one or more of these genes contribute to refractive development.
These varied mechanisms suggest that genes involved in refractive variation are not isolated to a specific tissue in the retinoscleral signaling cascade, which is thought to regulate refractive development. In addition, although discrete mechanisms for refractive error control can be hypothesized from loci discovered through GWAS, the pathways involved likely overlap considerably. The difficulty in inferring regulatory networks from GWAS data alone is compounded because single genes are involved in multiple biological processes (pleiotropy), and their expression and functions can be highly tissue-and context dependent. For example, GJD2 codes a gap junction protein, Top SNP: most highly significant marker at locus; Chr: chromosome; Position Hg19: Position, in base pairs, on human reference genome Hg19 (GRCh37); nearest gene: closest gene or pseudogene on human reference genome Hg19; Dist. to nearest gene: distance, in kb, from top SNP to nearest gene. Negative numbers indicate that SNPs are upstream (59) of the gene, 0 indicates that the SNP is intragenic; location: location of top SNP relative to the nearest gene; locus number: individual locus obtained by separating SNPs with P values of 1 · 10 25 or less in both studies by at least 100 kb. Loci are numbered from 1 to 33. CREAM P value: P value in CREAM data using all European and Asian populations combined; 23andMe P value: P value in 23andMe, adjusted for variance inflation.
*The SNP was genome-wide significant in one study and the locus contained a different genome-wide significant SNP in the other study. †The same SNP was genome-wide significant in both studies. ‡One SNP was genome-wide significant in one study and P , 1 · 10 26 in the other. SNP, single-nucleotide polymorphism.
connexin-36, which regulates electrical coupling between cells in the inner and outer retina. Gap junction conductance between rod and cone photoreceptors is, in turn, regulated by a dopamine-dependent circadian clock. 25 Thus, differential refractive control through GJD2 may possibly be mediated by the circadian rhythm and dopamine. It has been suggested that light-and dopamine-modulated electrical coupling of horizontal cells through gap junctions underlies contrast detection, 26 providing another putative mechanism by which GJD2-mediated refractive control may depend on environmental (lighting) conditions.
Risk of Myopia and Genomic Heritability of Refractive Error
Multiple family-based studies have estimated the heritability of refractive error (i.e., the proportion of the phenotypic variance due to inherited factors) to range from 50% to more than 90%. 6, 8, 10, 13, 14, 27 These estimates are consistent with those obtained for other complex traits such as human height. 28, 29 Despite having identified more than 2 dozen loci for refractive error in the CREAM GWAS, the implicated variants explained only 3.4% of the phenotypic variance (or 5% of the heritability) in 9,307 participants in the Rotterdam Eye Study. 4 This proportion of variance explained is similar to estimates of highly significant environmental predictors such as educational attainment (partial r 2 = 1.9-2.6% in AREDS 30 ; partial r 2 = 1.3-2.3% in the Framingham Eye Study [unpublished data]). Nevertheless, a low proportion of variance explained is a recurring and well-described phenomenon in complex trait genomics dubbed the "missing heritability" problem. 31 We should note that genomic heritabilities based on a limited number of genomewide significant markers can be severely underestimated, particularly when the causal variants are not directly typed, as is invariably the case in GWAS. For example, although the 50 independent variants initially identified for human height accounted for 5% of its phenotypic variance, the variance explained reached 45% when 300,000 common singlenucleotide polymorphisms were simultaneously modeled in genomic heritability estimates. 32, 33 A similar pattern is almost certainly the case for refractive error.
Gene-Environment Interactions in Refractive Error Development
Gene-environment (G · E) interaction can be defined as a differential effect of genetic variants depending on environmental conditions. This statistical concept of G · E interaction (or effect modification) is fundamentally different from biological interactions, and the presence of one does not necessarily imply the presence of the other.
Environmental effect modification of genetic polymorphisms on refractive phenotypes has been difficult to demonstrate convincingly, in part because of a lack of statistical power of even the largest refractive error GWAS to detect statistical interactions. Nevertheless, a study of five Singapore cohorts 33 reported that the effect of variants at three loci (SHISA6-DNAH9, GJD2, and ZMAT4-SFRP1) showed strong associations with refractive error in highly educated individuals. The effect was not seen in their less-educated counterparts, suggesting that environmental context is important in modulating the effects of these loci on refraction. Such G · E interactions with education have also been suggested for polymorphisms in the matrix metalloproteinase cluster on chromosome 11q22.2. 30 Recently, Tkatchenko et al 34 used lensinduced mouse myopia models and human GWAS data to demonstrate an interaction between APLP2 variants and environment on myopia development. Although statistical G · E interactions on refractive error are likely to exist in greater numbers than have been reported to date, successfully mapping interacting loci using GWAS will likely depend on improved measures of relevant exposures at appropriate sampling periods. For detailed discussions on study design and statistical considerations for G · E GWAS, we direct the reader to excellent reviews on the topic. 35, 36 
Genetics of Ocular Axial Length
Refractive errors result from a misalignment between the focal point of an eye and the retinal plane. It is well recognized that most myopia is caused by a relative elongation of the eye's axial length (more specifically, its posterior segment) through scleral remodeling. A few studies have reported results from GWAS on refraction-related phenotypes (endophenotypes) such as ocular axial length.
Fan et al 37 identified a locus on chromosome 1q41 associated with axial length in three Singapore cohorts and high myopia in a Japanese case-control sample. Subsequently, using a subset of CREAM studies, Cheng et al 38 replicated the findings at 1q41 near the pseudogene ZC3H11B, and identified another eight significant loci for axial length across the genome: RSPO1, C3orf26, LAMA2, GJD2, ZNRF3, CD55, MIP, and ALPPL2. Of these, 5 were associated with refraction in 18 independent cohorts (n = 23,591) and/or had already been reported in CREAM 4 or 23andMe. 2 Major intrinsic protein, a member of the water-transporting aquaporins, expresses the lens fiber major intrinsic protein (NCBI reference sequence NP_036196.1) and is associated with cataracts. 39, 40 Its relationship to axial length is unknown. Importantly, two of the axial length genes (RSPO1 and ZNRF3) along with refractive error loci, CHD7 and DLG6, are part of the Wnt/Frizzled signal transduction pathway, which plays a major role in ocular tissue development. 41 
Genetics of High and Pathological Myopia
The genetic basis of high myopia has been investigated for decades. Indeed, hereditary forms of syndromic and isolated myopia have been well described in the medical literature since the 1930s. 42 It was not until late 1998 that Young et al 43 mapped the first genetic loci in families displaying nonsyndromic high myopia to chromosome 18p11.31 (MYP2; OMIM:160700; http://omim.org/entry/ 160700). Subsequent linkage analyses identified numerous additional loci for hereditary high myopia, although these chromosomal regions were generally quite wide and contained dozens to hundreds of genes. Despite evidence that more extreme refractive errors were more highly heritable, 6,44 "high myopia genes" were more elusive than genetic variants associated with more common refractive errors. This might be explained by a lack of power in traditional GWAS in mapping rare variants (Figure 1) . Although pathological forms of myopia are more likely to present as Mendelian disorders, mutations causing severe visual disability have undoubtedly been under considerable purifying selection, leading to a depletion of severe disease-causing alleles. Moreover, the definition of "high myopia" is inconsistent, somewhat arbitrary, and may lead to significant misclassification because of the presence of phenocopies. Case-control studies of high myopia may therefore have high genetic and phenotypic heterogeneity. Nevertheless, populationbased GWAS of refractive errors contain individuals from across the spectrum of refractive errors, and individuals with extreme phenotypes have disproportionate leverage on quantitative trait association statistics. Thus, association signals from the CREAM and 23andMe analyses implicitly include information from high-myopia loci.
Many successes in mapping loci for high myopia has come from linkage analysis, in which cosegregation of phenotype and marker loci is followed and quantified in pedigrees. To date, more than 12 loci for high myopia have been mapped using linkage studies or simpler segregation analyses (Table 3) . Although linkage studies have poor spatial resolution (linkage peaks typically span several megabases), they are well suited to uncover loci harboring rare variants of strong effect (Figure 1 ), which is expected in inherited forms of high myopia. Linkage analysis also facilitates the discovery of causal variants by limiting the search from the whole genome to relatively narrow candidate regions. Moreover, Mendelian inheritance patterns are highly evocative of single-gene disorders within families, therefore minimizing the confounding effect of genetic locus heterogeneity or multilineal transmission of dominant disease in any given pedigree.
Case-control GWAS have been less successful in mapping loci for high myopia. The 2-stage GWAS by Nakanishi et al 45 included 830 cases and 1,911 general population controls in Stage-1, and 533 cases and 977 controls in a replication set. Although rs577948 (close to the BLID gene) was nominally significant for association with high myopia in the combined analysis (P = 2.22 · 10 27 ), no marker attained genome-wide significance levels.
Studies that mapped loci for high myopia using a combination of methods including next-generation sequencing of whole exomes or candidate genes showed some mechanistic overlap with known refractive error loci. In general, however, wholeexome sequencing in small samples followed by aggressive ad hoc variant filtering and comparisons with reference samples provides limited support for implicating particular genes and/or variants. 46 In addition, contrary to GWAS and linkage analysis, robust statistical and computational methods for quantifying uncertainty in variant-dredging studies have not been developed. In the absence of such statistical support, much care should be taken in interpreting results from studies that rely heavily on "variant-filtering" procedures. Ideally, researchers should support their findings with functional studies of the molecular and physiological consequences of candidate gene/protein manipulation. Because thousands of genes are expressed in the retina alone, expression in the eye and retina should be considered insufficient as supporting evidence. However, differential expression in relevant ocular tissues in well-controlled animal experiments provides biological support for a role of specific genes in high myopia.
MYP21 and ZNF644
Whole-exome sequencing with next-generation technologies offers an opportunity to identify exonic variants of large effect (or, equivalently, of high penetrance), especially in large pedigrees exhibiting clear Mendelian transmission. Using a combination of variant filtering and segregation, Shi et al 47 identified a putative locus for high myopia (MYP21) in a multigenerational Han Chinese pedigree that was autosomal dominant for high myopia. A mutation in ZNF644 segregated with six affected family members, but was absent in seven unaffected relatives. Screening for ZNF644 mutations in singletons by Shi et al 47 and Tran-Viet et al 48 identified additional variants possibly associated with high myopia.
MYP22 and PRIMPOL
Whole-exome sequencing was also used by Zhao et al 49 to map a novel missense variant in CCDC111 (current HGNC symbol PRIMPOL) on chromosome 4q35.1 (MYP22) in a high-myopia pedigree. The variant was also identified in 4 of the 270 sporadic highmyopia patients, but was not present in 270 controls. Little is known about the function of PRIMPOL, and its association with myopia should be considered tentative. 
MYP6 and SCO2
Similarly, Tran-Viet et al 50 found a rare nonsense mutation in the SCO2 gene (MYP6) that segregated with autosomal dominant high myopia (2-point Log of the Odds [LOD] = 1.49) in a three-generation pedigree. The putative causal allele c.157C.T (rs74315510) leads to a stop gain on all known transcripts of the SCO2 cytochrome C oxidase assembly protein (canonical transcript ENST00000543927). They also identified 3 rare SCO2 mutations in 140 unrelated high-grade myopia cases. Real-time PCR and immunofluorescence studies showed that levels of SCO2 messenger RNA were significantly reduced in the retina, retinal pigment epithelial cells, and sclera of induced-myopia mouse models compared with control eyes. The authors hypothesized that SCO2 deficiency may affect normal copper metabolism in ocular tissues, resulting in increased oxidative stress, altered retinal function, and high myopia. It should be noted that Stambolian et al 51 initially mapped MYP6 to a locus at 22q12 in a large cohort of Ashkenazi Jewish families with varying degrees of myopia. Klein et al 52 later replicated this result by mapping a quantitative trait locus for spherical equivalent refractive error centered at 22q11.23 in families from the Beaver Dam Eye Study. Although these loci have been merged into MYP6 by OMIM (OMIM #608908; http://omim.org/ entry/608908), it is unlikely that they represent the same underlying locus as SCO2.
MYP23 and LRPAP1
Aldahmesh et al 53 used autozygosity (linkage) analysis to map mutations for severe myopia in consanguineous Saudi families, and identified homozygous truncating variants in LRPAP1 and CTSH as probable causal mutations. Interestingly, LRPAP1 encodes a chaperone of LRP1 whose deficiency upregulated transforming growth factor (TGF)-b in cells from affected individuals. 53 Another study by Guo et al 54 found a nonsense mutation (c.141C.G:p. Y47*) in SLC39A5 cosegregating (multipoint LOD = 1.42) with the phenotype in a family with nonsyndromic severe myopia. Functional experiments showed that mutations of the zinc transporter encoded by the gene dysregulated the BMP/TGF-b pathway. This possible mechanism for altered eye growth is consistent with GWAS findings of an association of refractive error with bone morphogenic protein genes (BMP2, BMP3, and BMP4), 2, 4 which are involved in the TGF-b signaling and differentiation pathway. It is also consistent with findings from experimental animal myopia models that implicated TGF-b in eye growth regulation. 55, 56 Moreover, in silico analyses of protein-protein interactions involving products of genes identified through GWAS showed that many genes were related to cell cycle and growth networks such as the MAPK and TGF-b SMAD pathways. 57 This is consistent with a view of myopia as a dysregulation of eye growth and suggests that common molecular mechanisms underlie normal eye development and refractive error.
Summary
Within the last 5 years, gene mapping in humans has been highly successful in discovering genetic loci implicated in refractive error development and high myopia. Altogether, more than 30 loci for refractive phenotypes have been mapped with high confidence. Common quantitative trait variants for refraction have small effects consistent with the common disease-common variant hypothesis. The genetic heterogeneity uncovered by GWAS confirms that refractive error is a complex phenotype influenced by numerous genes and environmental factors. Many of these genes, however, can be clustered into broad, yet overlapping, functional categories. The search for variants that cause high or pathological myopia has been hindered by the inherent constraints of GWAS, in addition to a general lack of statistical and computational methods to comprehensively analyze sequencing data. These constraints include genetic heterogeneity, small sample sizes, noncoding loci that contain many variants that are difficult to place in a biological context, a lack of reproducibility of GWAS results across studies and populations, and rare variants of small effect that might be involved in the heritability of disease phenotypes. Increasing the sample size of GWAS might improve the predictive power of such studies, although different study designs should also be considered.
Hybrid study designs that capitalize on familial segregation and high-throughput sequencing have identified several mutations in genes putatively associated with high myopia. Some of these genes are known to be involved in functional pathways implicated in refractive error development in humans (through GWAS) and experimental myopia in animals. Discrepancies between heritability estimates and the proportion of variance explained by known refractive error loci suggest that many (perhaps most) variants associated with refractive phenotypes remain to be discovered. These discoveries will likely be obtained through a combination of ever-larger GWAS, better computational and statistical tools for rare-variant
